Atmospheric blocking is one of the main causes of extreme meteorological events such as spells of extremely cold weather, heat wave and continuous heavy rainfall in the mid-latitudes. The European Centre for Medium-Range Weather Forecasts Reanalysis Dataset (ERA-40) was analyzed to clarify both the characteristics of the latitudinal surface temperature field and the frequency of atmospheric blocking (FAB) in December, January, and February between 1960 and 1999. In years with a small meridional surface temperature gradient between the low and high latitudes, the FAB was larger than the average for the 40-year climatology, as well as persisting for longer and having a longitudinally larger spatial scale. A noticeable characteristic of these years was a larger dominant eddy scale length at the 500-hPa level compared to the average for the climatology. The amplitude of the dominant eddy scale length was also enhanced.
INTRODUCTION
Atmospheric blocking is one of the main causes of extreme meteorological events particularly in the midlatitudes and was responsible for the cold temperatures over of most North America and Europe during December 2010. During the winter, spells of extremely cold weather can be generated by atmospheric blocking (e.g., Hoskins and Sardeshmukh 1) ). A pair of cyclonic and anti-cyclonic vorticities may remain within a given region by forming separate streamlines at the same vertical level and may persist for several days. Charney and DeVore 2) provided a theory of thermal equilibration of planetary waves, and its physical interpretation was further developed by several subsequent studies (e.g., Mitchell and Derome 3) ; Shutts 4) ; Marshall and So 5) ). According to these papers, low-frequency variability of planetary waves may arise from two different balances between large-scale temperature advection and diabatic heating originating from the thermal contrast between land and sea. Atmospheric blocking is generated by the breaking of Rossby waves as a result of an accumulation of barotropic energy exceeding the Rossby wave saturation level at the spherical Rhines scale (e.g., Tanaka and Terasaki 6) ).
The Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change (IPCC) 7) indicated that, as a consequence of increased greenhouse gas emissions, the gradient of surface temperature between low and high latitudes will be weakened as northern surface temperatures show larger increases resulting from a decrease in surface albedo caused by snow and ice melting. Kidston et al. 8) , using the 3 rd phase of the Coupled Model Intercomparison Project (CMIP-3), found that the eddy length scale would be larger in the future under the A2 scenario. Many papers have reported that an upscale feedback of eddies helps to maintain blocking events (e.g., Shutts 9) ; Lau 10) ). In addition, some recent studies have indicated an increase in blocking when either horizontal or vertical resolution in global climate models (GCMs) is increased (Scaife and Knight 11) ; Matsueda et al. 12) ), although limitations exist in GCM representations of the frequency and duration of atmospheric blocking events (e.g., D'Andrea et al. 13) ; IPCC 7) ). In addition to resolution effects, the mean state error of the temperature field in GCMs could also contribute to errors in determining the frequency of atmospheric blocking (FAB; e.g., Kaas and Branstator 14) ; Hinton et al. 15) ).
The aim of this study was to determine whether atmospheric blocking is influenced by these meridional surface temperature differences. We analyzed a global reanalysis dataset to investigate the relationship between large-scale surface temperature characteristics and the FAB as generated through planetary waves. The data used in this study and a definition of atmospheric blocking events are described in section 2. Section 3 introduces the results, and a discussion and concluding remarks are presented in section 4.
DATA AND METHODS (1) Data
Data from the European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis Dataset (ERA-40) were analyzed for the 39-year period between 1960 and 1999.
(2) Large-scale temperature field
The seasonal mean (December to February; DJF) meridional surface temperature difference was calculated by subtracting the zonally averaged surface temperature between 30°N and 60°N. We classified three distinct patterns of small, middle, and large meridional surface temperature differences within the 39 winter seasons, each lasting for 13 years.
(3) Eddy length scale
To quantify the dominant eddy length scale, the daily geopotential height at the 500-hPa level was decomposed into Fourier components at 45°N globally along a longitudinal direction by using a fast Fourier transform (FFT), and DJF means were calculated. Finally the wavelength with the largest amplitude was selected. Pelly and Hoskins 16) and Tyrlis and Hoskins 17) estimated the annual mean central blocking latitude to be 50°N because the maximum kinetic energy at the 300-hPa level in synoptic time scales was largest at 50°N. However the maximum kinetic energy values were shifted southward around 45°N in DJF 16) . Therefore this study adopted 45°N as the central latitude for discussing the FAB.
(4) Atmospheric blocking
The FAB was estimated based on a dynamical blocking index called the potential vorticity (PV)potential temperature (θ) index (Pelly and Hoskins 16) ). According to Hoskins et al., a dynamically based approximation for the troposphere is given by PV = 2 potential vorticity units (PVU) surface 18) . In the absence of diabatic processes, θ on a PV surface would be conserved. In general, θ on the PV=2PVU surface decreases at higher latitudes. However, θ increases locally at latitudes if the flow is blocked. Therefore a high θ to the north and a low θ to the south indicate the location of atmospheric blocking.
The blocking index was calculated by comparing meridionally averaged values at the 300-hPa level between 30°N-45°N and 45°N-60°N. As expressed in Eq.(1), FAB is defined by subtracting the average θ between the northern and southern boxes ( Fig. 1) and is calculated at 5° longitudinal intervals:
,where indicates the target latitude (45°N). According to Pelly and Hoskins 16) , if FAB < 0 in westerly flow at longitude λ 0 , but FAB > 0 in regions experiencing atmospheric blocking at longitude λ 0 . The longitude λ 0 could be considered to be blocked if FAB > 0, indicating that there is high potential temperature to the north and low potential temperature to the south. Unlike in previous studies, the central blocking latitude, about which this difference is constructed, is allowed to vary with longitude. By counting the number of atmospheric blocking events, the FAB was estimated for all years between 1960 and 1999.
We investigated the characteristics of the FAB by focusing on temporal and spatial scale conditions such as (i) the meridional inverse of potential temperature continues for more than 4 days (sector blocking) and (ii) the potential temperature difference between the two latitudinal regions is continuously greater than 15° longitudinally on a daily basis (instantaneous large scale blocking). The FAB for the sector blocking allows the persistency of atmospheric blocking events to be determined, and the FAB at a large scale determines the spatial scale at which the inverse of potential temperature can maintain.
RESULTS
(1) Dominant wave number Fig. 2 shows a scatter diagram of the meridional surface temperature difference between 30°N and 60°N and dominant zonal wavenumber at 45°N (500-hPa level) for four seasons between 1960 and 1999. The figure shows that the dominant zonal wavenumber becomes smaller in years, which have small meridional surface temperature differences, particularly in DJF. The correlation coefficient for year-to-year variations between the surface temperature difference and dominant zonal wavenumber is 0.5 by Student's t-test, which satisfies the 99% statistical significance level. In DJF, the dominant wavenumber varies between 1 and 3, which is categorized as the Rossby wave scale (zonal wavenumbers of 1 to 3). The dependence of zonal wavenumber on the large-scale temperature field is qualitatively consistent with that of Molteni et al. 19) , who suggested that the thermal balance of a planetary wave pattern with zonal wavenumber 2 is applicable for largescale models of variability during the Northern Hemisphere winter.
The other three seasons (MAM, JJA and SON) do not show exhibit significant negative correlation coefficients. In the Southern Hemisphere, however, the year-to-year meridional surface temperature difference is small compared with the results for the Northern Hemisphere, and the relationship between the dominant wavenumbers and meridional surface temperature difference is not significant (figures not shown). Fig. 3 shows a scatter diagram between the meridional surface temperature difference and power spectrum of amplitude of the dominant zonal wavenumber at the 500-hPa level for the four seasons in the Northern Hemisphere. For all four seasons, the amplitude of the small zonal wavenumber tends to be intensified in years that have a small meridional surface temperature difference between low and high latitudes. This mechanism can theoretically be explained by the thermal Rossby and Taylor numbers on thermal convection in a rotating liquid experiment 20) . This characteristic is particularly true for DJF which has a correlation coefficient of approximately -0.6 with a statistical significance greater than 99% by Student's ttest. Therefore Figs.2 and 3 suggest that the length of the dominant wave at the 500-hPa level tends to be longer and its amplitude is enhanced by a smaller meridional surface temperature difference between low and high latitudes.
(2) Frequency of atmospheric blocking There are two possible scenarios that might produce a change in the meridional surface temperature difference between low and high latitudes. One is that the midtroposphere becomes dynamically stable following a decrease in the meridional surface temperature difference because the dominant zonal wavenumber ultimately becomes zero and horizontal flow also attains a zonal state by losing thermodynamic force between the low and high latitudes, if we neglect topographical effects. The other scenario involves the growth of amplitude of longer dominant atmospheric waves. This could induce the breakdown of the "high kinetic energy level" state of the atmosphere, which is characterized by strong westerly flow, into a "low kinetic energy level" state (Rex 21) ). Fig. 4 shows secular changes in the meridional surface temperature difference and daily basis instantaneous FAB in DJF between 1960 and 1999. The atmospheric blocking was considered to be instantaneous at each longitude. As shown in Fig. 4 , the surface temperature difference gradually decreased mainly due to a temperature increase in the high latitudes 7) as well as the large interannual variability. The instantaneous blocking index was larger in years with a small surface temperature difference. The correlation coefficient between the two indices is -0.67 with a statistical significance of more than 99% according to Student's t-test. Note that some years (e.g., 1986 and 1990) had similar FAB values even though the surface temperature difference different. In 1990, the Arctic Oscillation (AO) index was positive in contrast to the negative AO index in 1986. The relationship between the AO and the FAB through the large-scale temperature field will be discussed in the following analyses.
Severe weather systems (e.g., heat waves and winter spells) in the mid-latitudes tend to occur in association with a longer persistency and larger spatial scale of intense atmospheric blocking years. To investigate the relationship between the spatial scale of atmospheric blocking and surface temperature differences, we focused on events that had more than 15° of longitudinal direction. Fig. 5 shows a scatter diagram between the zonal mean meridional surface temperature difference and the FAB with more than 15° longitudinal scale. The FAB for the large-spatial scale is clearly larger when it is associated with a smaller meridional surface temperature difference. One reason for this is that the increase in larger atmospheric blocking events would be related to the zonally longer dominant wavelength in years with a small surface temperature difference as shown in Fig. 2 .
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Finally the persistency of atmospheric blocking associated with the meridional surface temperature difference is plotted in Fig. 6 . Here we classified our target 39 winter seasons into three groups (13 years with small, middle, and large surface temperature differences) and investigated the duration of atmospheric blocking on 4-to 10 day temporal scales. For the 4-day scale, the zonal mean FAB for the years with a small surface temperature difference (red) is 8.5, which is higher than the value of 5.6 (6.8) in other years with large (middle) surface temperature years (green and blue). Yeas with a small meridional surface temperature difference have the largest FAB over all time scales. The longitudinally averaged zonal wind velocity at 500-hPa height at 45°N for the small meridional surface temperature years is approximately 14.7 m/s, compared to 16.3 m/s and 17.0 m/s for the years with middle and large meridional surface temperature differences. Westerly winds tended to weaken due to the smaller meridional surface temperature difference, and this could make atmospheric blocking events stationary and persist longer.
SUMMARY
In this study, we examined the relationship between meridional surface temperature differences and the frequency of atmospheric blocking (FAB) events in boreal winters between 1960 and 1999. The results showed that years with a smaller meridional surface temperature difference can contribute to an increase in the FAB as well as widen their spatial scales and increase their persistency. One of the main reasons for this is that the dominant Rossby wavenumber at the 500-hPa level becomes smaller owing to smaller meridional surface temperature differences and the wave amplitudes become larger. Furthermore, the zonally averaged 500-hPa height westerly wind velocity at 45°N in years with a small meridional surface temperature difference was approximately 8.1% less than the 40-year climatology. This would tend to produce a meteorological condition in which the Rossby waves can attain the saturation level by reaching the spherical Rhines scale in addition to being stationary over a certain region.
The AR-4 of the IPCC indicated that, as a I_401 consequence of increased greenhouse gas emissions, the gradient of surface temperature between low and high latitudes will be weakened as northern surface temperatures increase sharply as a consequence of the decrease in surface albedo caused by snow and ice melting (IPCC 2007) . The increase in surface temperature has large model dependency particularly in the higher-latitudes. Scaife et al. 22) showed that current GCMs have large errors associated with FAB and much of the blocking error can be improved to account for mean model biases in terms of meridional gradients. This study suggests that the uncertainty of meridional surface temperature differences between low and high latitudes in future assessments of climate change may have an influence on FABs in terms of their spatial and temporal scales in boreal winter.
